While the importance of modulatory proteolysis in research has steadily increased, knowledge on this process has remained largely disorganized, with the nature and role of entities composing modulatory proteolysis still uncertain. We built CaMPDB, a resource on modulatory proteolysis, with a focus on calpain, a well-studied intracellular protease which regulates substrate functions by proteolytic processing. CaMPDB contains sequences of calpains, substrates and inhibitors as well as substrate cleavage sites, collected from the literature. Some cleavage efficiencies were evaluated by biochemical experiments and a cleavage site prediction tool is provided to assist biologists in understanding calpain-mediated cellular processes. CaMPDB is freely accessible at
Introduction
Proteolysis is recognized as the fourth step of the central dogma, next to the basic three stages: replication, transcription and translation. Proteolysis generally indicates a process of protein degradation by a proteolytic enzyme. Recently, it has been shown that a certain type of proteolysis, modulatory proteolysis, regulates substrate functions by substrate-specific (or amino acid position-specific) proteolysis. It further suggests that modulatory proteolysis controls almost all types of cellular functions [3, 7, 16] .
While there are many databases on proteases [6, 12] which give a broad view of protease sequences, CaMPDB is built as a resource for modulatory proteolysis, focusing on calpain, a Ca 2+ -dependent Cys protease. Calpains constitute a major protease family distributed over a wide range of organisms, from mammals to bacteria, for which many isoforms and homologues are being found [2, 15] . More importantly, calpains regulate substrate functions by limited proteolysis, i.e. proteolytic processing, resulting in the modulation of a wide variety of biological phenomena. Malfunction of calpain has been observed in several serious diseases, including muscular dystrophies and diabetes [1] . Activity of calpain in vivo is regulated by its specific endogenous inhibitor protein, calpastatin [3] . Although calpastatin binds to calpain around the catalytic site cleft like regular substrates, it is resistant to proteolysis by calpain (see Fig. 6 for details).
The molecular entities composing modulatory proteolysis are still largely unknown, mainly due to disorganized knowledge on this process. Generating a repository of information on calpain-mediated proteolysis therefore offers a number of advantages. In particular, precise and specific recognition of the cleavage site is critical in understanding modulatory proteolytic processing. Amino acid sequence specificity of cleavage by calpains, if it exists, has not been established to this day, although some preferences regarding amino acid residues close to the cleavage site were reported [9, 13, 17] . This makes it hard to predict whether a given protein can be proteolyzed by calpains and further hampers elucidation of physiological functions of calpains.
In light of this, we have built CaMPDB with the following unique features:
(1) Large collection of calpain sequences gathered from a variety of organisms, along with information on substrates (cleavage sites) and calpastatin, both of which interact with the catalytic center of calpains. (2) Confirmation of collected cleavage sites through biochemical experiments: for a total of 56 cases, we were also able to present cleavage efficiency. (3) Statistics based on collected data, such as amino acid preferences of cleavage sites or philogenetic analysis of calpastatin's functional domains across species. (4) Built-in cleavage prediction tool that can take any arbitrary input sequence and score each position for putative cleavage by calpain. We believe such a feature will be of great help for understanding various calpain-mediated cellular processes.
Database Framework
CaMPDB has a total of 3,723 entries over 363 organisms, separated into three categories: 'Calpain', 'Substrates' and 'Calpastatin'. Each category is broken down into four standard subsections: 'Overview', 'Browse', 'Search' and 'Statistics', with an additional 'Predict' subsection for 'Substrates'. 'Overview' contains a detailed description on the subject of each category. For example, 'Overview' of 'Calpain' gives a detailed review of history, nomenclature, structure, functions, superfamily, references and glossary of calpain. 'Browse' provides a listing of entries stored for each category. Fig. 1 shows some screen-captures of entry SB0019: Interleukin 1α, a substrate of calpain. Each entry includes basic nomenclature data ( Fig. 1 (a) ), cross-references to six major databases (Entrez, Swiss-Prot, OMIM, HGNC, HPRD and KEGG), information from OMIM, structure information consisting of: domain information ( Fig. 1 (b) ), amino acid sequence with computationally predicted secondary structures (Fig. 1 (c) ), 3D structure and references linking to PubMed. It can be noted that each entry in 'Substrates' has some additional fields regarding cleavage sites (see section 3). Entries in each category can be retrieved in two ways: through browsing (as a flat list or a clickable taxonomy tree) or by query search.
In the 'Search' subsection, pertinent results for a specific query can be obtained for each category, while a separate form linked from the main page, enables searches over the entire database. The 'Search' interface allows filtering by name, query ID or any other text annotation.
'Statistics' shows a summary of statistics for the corresponding category along with some data analysis results: for the 'Calpain' category, we present a breakdown of 16 calpain types across 136 organisms. 'Substrates' shows position-specific amino acid preferences for cleavage sites using PSSM (Position-Specific Scoring Matrix, see Section 3) [5] and sequence logo [14] , generated from 255 collected cleavage site sequences.
The subsection for 'Calpastatin' presents the evolution of its four known functional domains across 29 representative organisms as a phylogenetic tree (see Fig. 2 ). In addition, CaMPDB has separate pages for usage instructions, sitemap and downloading of all data.
Data Collection
For 'Calpain', we collected 1,496 entries from Entrez that were marked with CysPc, indicating Ca 2+ -dependent cysteine proteinase superfamily. For 'Substrates', we collected 104 known calpain substrates (SB) from literature as entries. Some SB had more than one cleavage sites, resulting in 267 cleavage sites being stored in CaMPDB. Each entry in 'Substrates' also contains, for each of cleavage site ( Fig. 1 (d) ): the cleavage site sequence and similar sequences across organisms that can be obtained by casting the cleavage site (with a length of 30) as a query to BLAST. The latter is very helpful for biologists to check how commonly the cleavage site can be found in other organisms and to infer biological phenomena with which calpains could be related. We strove to experimentally validate all SB cleavage sites: out of the collected substrates, we generated 94 sequences with a length of 20 centered around the cleavage site, then biochemically evaluated cleavage efficiency using purified calpains and iTRAQ TM labeling. Each iTRAQ TM signal value gives a coarse estimate of proteolysis efficiency of the corresponding peptides by calpains. The iTRAQ TM signal is shown in the corresponding substrate entry for 56 cases in which cleavage sites were experimentally confirmed. Fig. 1 (d) shows a sample screenshot from the 'Substrates' category, including the iTRAQ TM signal field. In addition, we computationally expanded the set of SB sequences to 1,914 putative substrates (XSB) using BLAST to find similar sequences in Entrez: More specifically, for each (query) sequence (QS) in SB, we cut out a peptide (QP) of 60 amino acids centered around the cleavage site to cast a query. We then selected the returned sequences as XSB if they satisfied all three following conditions:
(1) The returned sequence could be aligned with QS with matching rate of over 90%. (2) Pairwise alignment between the returned sequence and QS yielded a local alignment score of over 1,000. (3) The corresponding cleavage site of the returned sequence could be aligned with QP with a matching rate of over 90%.
For 'Calpastatin', we collected 209 sequences by searching for entries in Entrez which include Calpain inhib anywhere in the entry and calpastatin in the definition line.
Cleavage Site Prediction
A notable consequence of the efforts that went into building the 'Substrates' section of CaMPDB, is the resulting availability of a large dataset of experimentally verified calpain substrate sequences, fully labeled with cleavage information. Allowing us for the first time to train efficient cleavage prediction tools with supervised learning methods.
The 'Predict' tab of the 'Substrates' section provides a prediction tool that will output position-based scores reflecting the probability of cleavage by calpain for any given sequence. This tool offers three separate prediction model options based on PSSM and Support Vector Machines (SVM) algorithms with either linear or Radial Basis Function (RBF) kernels. The PSSM model examines subsequences of length L centered around putative cleavage sites to compute the log-likelihood of cleavage, given the set of 267 known sites (extracted from the 104 SB sequences). Summing PSSM log-values, such as those under the 'Statistics' section, for each position in a window of length L yields a single score for this position. By sliding this window of length L over the query sequence it is possible to provide scores for the entire sequence.
The SVM model uses a similar sliding-window approach: a position-based binary vector of features is extracted for each sub-sequence of length L and scored using an SVM classifier with linear or RBF kernel. In addition to using the same set of 267 positive instances as the PSSM model, a random sample of negative instances is also selected out of all non-cleaved position in SB sequences.
Top performances for each method were measured using Area Under the ROC Curve (AUC) with 10x10-fold cross-validation and reached maximal values of 69.1% (SEM: 0.75%) for PSSM (L = 2x30), 77.3% (SEM: 0.04%) for SVM linear and 80.1% (SEM: 0.04%) for SVM RBF (using respectively L = 2x7 and L = 2x10 amino acids on each side).
Performances for a wider range of window lengths have been reported in Fig. 3 . While it should be noted that PSSM performances for higher window lengths are likely due to some amount of overfitting (unavoidable given the size of the training set, despite the use of stringent cross-validation standards), the overall results provide a good baseline to which other, more sophisticated, supervised learning methods can be compared. With best prediction scores obtained within 10 amino acids of the cleavage site for SVM-based predictors, it seems possible to infer some early hypotheses regarding amino acid position specificity. Furthermore, significantly better results obtained with RBF over linear kernel, for smaller window sizes (between 5 and 10 amino acids on each side), would suggest strong non-linear correlations between some amino acid positions and cleavage selection. Finally, the study of results for varying lengths of extension around cleavage sites reveals some interesting asymmetry between left and right side (see Fig. 4 ): for both RBF and linear kernel SVM predictors, statistically better performances are achieved when focusing on the right (primed) side of the cleavage site.
Based on empirical evidence and performances during cross-validation testing, the value of L for the online tool was set to 40 amino acids (20 on each side of the cleavage site) for PSSM and 20 (2x10) for SVM. These values are justified by the 3D structure of a calpain/calpastatin complex [4, 8] . Calpastatin firmly binds to the calpain protease domain by approximately 20 residues as shown in Fig. 6 . In other words, 2x10 residues are in close contact with calpain, and, thus, involved in determination of specificity. These values are also consistent with the approach taken by Ref. [17] to predict cleavage sites of a calpain substrate.
The online tool returns its results as a list of top cleavage site candidates and a bar chart presentation of scores along the input sequence (see Fig. 5 ).
Conclusion and Outlook
With CaMPDB, we provided a one-stop repository for all calpain and calpain-related information. In addition to richly annotated sequence entries and database-wide statistics, we also made available a useful first-approach tool to identify potential calpain substrates and cleavage sites.
Future directions for this project include the use of other machine-learning techniques (Markovian models and Bayesian networks) in order to improve the interpretability of results and bring a better understanding of the underlying biological model. . Active site residues, Cys105, His262, and Asn286 (NP 058812) in the protease domain are indicated by ball-stick drawing in yellow and a pink circle. Blue balls (visible in domains IV and VI) represent Ca2+. Calpastatin reactive site residues bound to domains IIa, IIb, and III of m-calpain are shown by ball-stick drawing (green, pink, and blue denote P10-P1, Glu236 (P27321) at the center, P1-P10 residues, respectively). Note that calpastatin, unlike calpain substrates, loops out the Glu236 residue at the center of the peptide. This is caused by the adjacent Gly237 residue, so that calpastatin is not immediately proteolyzed by calpains even though it firmly binds to the calpain protease domain, like regular substrates. Calpastatin also binds to two PEF domains on both sides of the reactive site, and, as a whole, it strongly inhibits calpain activity in a very specific manner. the database. This work has been supported in part by BIRD and CREST of Japan Science and Technology Agency (JST), by MEXT.KAKENHI 18076007, by JSPS. KAKENHI 19658057, 20370055 , and by a Takeda Science Foundation research grant.
Qualitative evaluation of the proper proteolytic cleavage of each peptide was performed using mass-spectrometry and iTRAQ TM (isobaric Tag for Relative and Absolute Quantitation) methods [18] , which will be described in the following (More detailed procedures and results of which will be published elsewhere.):
Briefly, peptides corresponding to calpain substrates (20mer, cleavage sites in the middle) were synthesized, mixed equally in molar quantity, and were digested with recombinant calpains prepared previously [11] (Fig. A1 (1) ). At various time points, the reaction mixture was labeled with iTRAQ TM 4-plex reagents, which are composed of "reporter" (Mr: 114 117 Da) and "balancer" (Mr: 31 28 Da, respectively) to make their total Mr isobaric ( Fig. A1 (2) ). All samples from various time points were, then mixed (Fig. A1 (3) ), separated by 2D-nLC (2-Dimensional nano-scale Liquid-Chromatography; 1st step: strong cation ion-exchange chromatography; 2nd step: reverse-phase chromatography) into 684 fractions [10] (Fig. A1 (4) ). Each fraction was automatically mixed with -cyano-4-hydroxycinnamic acid containing matrix solution, and spotted onto ABI 4800 MALDI target plates. Fractionated peptides were detected by MALDI-TOF/TOF analysis ( Fig. A1 (5) ), which revealed the amino acid sequence of the peptide (Fig. A1 (6) ) as well as relative amounts of the peptide at various time points (Fig. A1 (7) ). For example, FKAKKAAMMT, which corresponds to Ryanodine receptor (SB0015) proteolyzed by calpain at the center [19] , was increasingly detected incubation time-dependently, showing an iTRAQ TM -117 signal of 4310.9. Although iTRAQ TM signals detected by MALDI-TOF/TOF system are not quantitatively precise and rather qualitative with regard to amount comparison between different peptides: strong signals tend to indicate abundant existence of the peptides. Thus, iTRAQ TM signal at the 20 min time point, if detected, are shown in the database with their evaluation compared to other detected signals (1 to 5 stars) The number of stars indicates qualitatively how effectively the peptide is proteolyzed at the indicated site.
